A proto-cluster core is the most massive dark matter halo (DMH) in a given protocluster. To reveal the galaxy formation in core regions, we search for proto-cluster cores at z ∼ 2 in ∼ 1.5 deg 2 of the COSMOS field. Using pairs of massive galaxies (log(M * /M ) ≥ 11) as tracers of cores, we find 75 candidate cores, among which 54% are estimated to be real. A clustering analysis finds that these cores have an average DMH mass of 2.6 +0.9 −0.8 × 10 13 M , or 4.0 +1.8 −1.5 × 10 13 M after contamination correction. The extended Press-Schechter model shows that their descendant mass at z = 0 is consistent with Fornax-like or Virgo-like clusters. Moreover, using the IllustrisTNG simulation, we confirm that pairs of massive galaxies are good tracers of DMHs massive enough to be regarded as proto-cluster cores. We then derive the stellar mass function (SMF) and the quiescent fraction for member galaxies of the 75 candidate cores. We find that the core galaxies have a more top-heavy SMF than field galaxies at the same redshift, showing an excess at log(M * /M ) 10.5. The quiescent fraction, 0.17 +0.04 −0.04 in the mass range 9.0 ≤ log(M * /M ) ≤ 11.0, is about three times higher than that of field counterparts, giving an environmental quenching efficiency of 0.13 +0.04 −0.04 . These results suggest that stellar mass assembly and quenching are accelerated as early as at z ∼ 2 in proto-cluster cores.
INTRODUCTION
In the ΛCDM framework, the initial density perturbations grow by gravity and form dark matter haloes (DMHs), and galaxies are formed in DMHs through gas cooling. DMHs, and hence galaxies, become more massive and larger through the accretion of matter and mergers with other DMHs. The most massive and largest DMHs in today's universe are galaxy clusters. The DMH mass of galaxy clusters is typically 10 14 M (e.g. Overzier 2016 ) and a mature cluster hosts hundreds to thousands of galaxies.
The properties of cluster galaxies are largely different from those of field galaxies. For example, at z < 1, cluster galaxies are dominated by quiescent and/or elliptical galaxies with old stellar populations while most field galaxies are star-forming galaxies like spirals (e.g. Dressler 1980; Goto et al. 2003; Bower et al. 1998) . Part or all of these differences are thought to be caused by some environmental effects: ram-pressure stripping (Gunn & Gott 1972) , galaxy interaction, galaxy harassment (Moore et al. 1998 ), etc. When and how these differences were established is key to under-E-mail: mando@astron.s.u-tokyo.ac.jp standing the role of environments on galaxy formation. For this purpose, galaxies in clusters in early evolutionary stages should be investigated.
Progenitors of local clusters at z 2 are called protoclusters. They are defined as a whole structure that will collapse into a cluster by z = 0 (e.g. Overzier 2016) . A Protocluster typically extends to more than 20 comoving Mpc at z ∼ 2 (Chiang et al. 2013; Muldrew et al. 2015) and even a larger area at higher redshift, being split into a number of DMHs and unbound regions. Among those substructures, we define the "core" of the proto-cluster as the most massive DMH 1 .
The relationship between the properties of galaxies and their location in proto-clusters is important to understand cluster galaxy formation. Shimakawa et al. (2018) have found that Hα emitters in the densest regions of a protocluster at z ∼ 2.5 are more massive and more active than those in the remaining regions of the same proto-cluster. Muldrew et al. (2018) have studied galaxy evolution in proto-clusters by applying a semi-analytic galaxy evolution model to N-body simulations. They have found that galaxies in core regions have different properties from those in fields and the rest of the proto-cluster regions: a more topheavy stellar mass function (SMF) and a higher fraction of quiescent galaxies especially for low-mass galaxies. A similar trend of the SMF has been reported in Muldrew et al. (2015) ; Lovell et al. (2018) .
Recently, several proto-cluster cores have been found and they have a variety of star formation activity. Some of them are dominated by (dusty) star-forming galaxies unlike local mature clusters (Wang et al. 2016; Oteo et al. 2018; Miller et al. 2018 ). On the other hand, Willis et al. (2020) have found a massive core with red sequence galaxies and a metal rich intracluster medium, which is similar to local clusters. Such variations may reflect different evolutionary stages of cores. Most of the reported cores are biased to possible progenitors of the most massive, Coma-like clusters (M DMH > 10 15 M by z = 0). However, the mass of cores has a large scatter (∼ 1 dex) at z ∼ 2, even if the descendant mass at z = 0 is fixed (Muldrew et al. 2015) . Therefore, to reveal the whole aspect of galaxy evolution in proto-cluster cores, we need a large sample of cores including less massive ones.
Systematic proto-cluster searches have been done by various techniques. One of such methods, the fixed aperture method, searches for an overdensity of high redshift galaxies (i.e. Lyman break galaxies (LBGs), line emitters, photometric redshift galaxies, etc.) over a given aperture (e.g. Chiang et al. 2014; Toshikawa et al. 2018) . This method can successfully identify the whole region of a proto-cluster (e.g. Chiang et al. 2015; Diener et al. 2015) . However, because this method uses a ten times larger aperture than the size of cores, it is difficult to isolate cores. Moreover, because LBGs and line emitters are typically star-forming galaxies, overdensities of such populations provide a biased view of proto-cluster galaxies.
Another method is to use biased tracers. Some galaxy populations like high redshift radio galaxies and quasars are frequently located at dense environments (Hatch et al. 2011 . Therefore, one can use such objects as beacons of proto-clusters (Venemans et al. 2007; Wylezalek et al. , 2014 Cooke et al. 2014 ). However, it is unclear whether these objects can trace proto-clusters completely (Lovell et al. 2018; Uchiyama et al. 2018) . Because the lifetime of quasars, 10 6 to 10 8 years (Martini 2004) , is relatively short, they may miss some fraction of proto-clusters. Furthermore, the feedback of active galaxies suppresses the formation of surrounding galaxies (Uchiyama et al. 2019) , possibly resulting in a biased picture of galaxy formation in proto-clusters.
In this study, we propose a new method to find protocluster cores at z ∼ 2, the epoch when massive cores appear (Chiang et al. 2017) , and use it in the Cosmic Evolution Survey (COSMOS; Scoville et al. 2007) field. Because the extended Press-Schechter model 2 predicts that a DMH whose mass is 2 − 3 × 10 13 M at z ∼ 2 typically evolves into the 2 To calculate the extended Press-Schechter model, we use a FORTRAN code written by Takashi Hamana. The code is found at http://th.nao.ac.jp/MEMBER/hamanatk/OPENPRO/index.html cluster mass regime, 10 14 M , by z = 0, we regard DMHs with 2−3×10 13 M at z ∼ 2 as proto-cluster cores and search for such massive systems.
The stellar to halo mass relation says that galaxies with larger stellar masses are hosted by more massive DMHs. According to abundance matching technique, the typical stellar mass of central galaxies hosted by DMHs with M DMH 10 13 M is M * 10 11 M (e.g. Behroozi et al. 2013 ). However, DMHs which host central galaxies with M * 10 11 M cover a wide range of DMH mass (10 12−14 M ). This means that using single massive galaxies cannot isolate DMHs as massive as proto-cluster cores.
A multiple system of massive galaxies is a possible tracer of a proto-cluster core. Béthermin et al. (2014) have studied the clustering of BzK-selected galaxies at 1.5 < z < 2.5, finding that close pairs (separations are below 20 ) of massive (M * > 10 11 M ) quiescent galaxies as well as massive main-sequence galaxies with strong star formation (> 200 M /yr) are possible progenitors of clusters. The host DMH masses of the former at z ∼ 2 is 5.5 +5.1 −4.5 × 10 13 M , which is massive enough to be regarded as cores. Using a galaxy sample with spectroscopic redshifts, Diener et al. (2013) have explored candidate galaxy groups within 500 kpc in projected distance and 700 km/s in velocity difference at 1.8 < z < 3.0. In comparison with mock galaxy catalogues, they have found that the candidate groups contain one thirds of the progenitors of present-day clusters, although they are mainly the progenitors of less massive systems (10 13−14 M ). Moreover, there is a significant overdensity not only of the spectroscopic redshift sample but also of a photometric redshift sample with M * ≥ 10 10 M around the candidate groups.
These results lead to an assumption that pairs of massive galaxies are hosted by more massive DMHs than isolated massive galaxies. Thus, we use a pair of massive galaxies as a tracer of proto-cluster cores. We define the term "pair" as a multiple system of massive galaxies whose extent is consistent with the size of a proto-cluster core. To avoid possible selection bias, we use both star-forming galaxies and quiescent galaxies to find out pairs. The structure of this paper is as follows. In Section 2, we describe the data and galaxy samples used in this study. In Section 3, we introduce the method to find proto-cluster cores and show results. We also compare the results with the IllustrisTNG simulation to evaluate the effectiveness of our method. In Section 4, we examine properties of member galaxies in the core candidates focusing on the stellar mass function and the fraction of quiescent galaxies. Section 5 is devoted to a summary and conclusions.
Throughout this paper, we assume a flat ΛCDM cosmology with (Ω m , Ω Λ , h, σ 8 , n 0 ) = (0.3, 0.7, 0.81, 0.7, 0.9). We use the notations cMpc and pMpc to indicate comoving and physical scales, respectively. We assume a Chabrier (2003) initial mass function.
DATA AND SAMPLE SELECTION

The COSMOS2015 catalogue
We use data from the COSMOS2015 galaxy catalogue (Laigle et al. 2016 ; COSMOS2015 hereafter). COSMOS2015 contains deep and multi-wavelength photometry, from nearultraviolet (NUV) to far-infrared, on the COSMOS field.
In this paper, we only use objects in the central ∼ 1.5 deg 2 region covered by the UltraVISTA-DR2. We also limit our sample to galaxies with m(K s ) ≤ 24.0. This magnitude cut is motivated so that the detection completeness is homogeneous over the UltraVISTA field.
From the catalogue, we extract the following quantities: photometric redshift (photo-z ), stellar mass and galaxy classification flag, an indicator of star formation activity (star-forming or quiescent). In the catalogue, LEPHARE code (Arnouts et al. 2002; Ilbert et al. 2006 ) has been used to compute photo-z 's and perform spectral energy distribution (SED) fitting, and the NUV-r vs r-J colour-colour plane has been used to classify galaxies: quiescent galaxies are defined as those with M NUV −M r > 3(M r −M J )+1 and M NUV −M r > 3.1.
Sample selection
To identify massive DMHs, we use 1742 galaxies with 1.5 ≤ z ≤ 3.0 and log(M * /M ) ≥ 11. We call this sample "massive galaxies" hereafter.
For the cross-correlation analysis described in Section 3.2, a relatively large galaxy sample is needed. From the COSMOS2015 catalogue, we select galaxies with 1.5 ≤ z ≤ 3.0 and 10.2 < log(M * /M ) < 11, whose total number is 16149. We call this sample "tracer galaxies" hereafter.
To examine properties of member galaxies of protocluster cores, we use all 86374 galaxies at 1.25 ≤ z ≤ 3.25. We call this sample "general galaxies" hereafter.
CONSTRUCTION OF A PROTO-CLUSTER CORE SAMPLE
In this section, we describe the method to identify protocluster core candidates and how to estimate their DMH mass.
Candidates for proto-cluster cores
Pair finder
We use pairs of massive galaxies to search for proto-cluster cores. In this study, a "pair of massive galaxies" refers to a multiple system of massive galaxies (log(M * /M ) ≥ 11), whose size is consistent with that of proto-cluster cores, ∼ 0.3 pMpc. To identify such systems, we apply the following procedure to the massive galaxy sample:
(i) We pick up one galaxy and count neighbour galaxies within ∆θ ≤ 30 and ∆z ≤ 0.12 from that galaxy.
(ii) If the number of neighbours is more than one, we regard all of them as member galaxies of a "pair".
(iii) The three dimensional position of the pair is defined as the average position of the member galaxies of the pair.
We set 30 as the maximum separation of member galaxies. This value is slightly smaller than the size of a core with M DMH ∼ 2 × 10 13 M , ∼ 36 ∼ 0.3 pMpc in radius, reducing the probability of chance projection. We also set 0.12 as the maximum redshift difference among members, considering the uncertainty in photo-z estimates in the COSMOS2015 catalogue.
Detected core candidates
Applying our pair finder to the 1742 massive galaxies, we identify 75 pairs as proto-cluster core candidates. Their sky position is shown in Fig. 1 . While the majority (66 pairs) have only two massive galaxies, 9 pairs have three or four members, plotted as star symbols. The redshift distribution of the 75 pairs is shown in Fig. 2 with that of the massive galaxy sample. The average redshift of the pairs, 1.85, is lower than that of the massive galaxy sample, 2.03. This difference may reflect the fact that there are more massive virialized systems at lower redshifts.
We note that our core candidates contain a very massive (M DMH ∼ 10 14 M ) core at z ∼ 2.5 which has been spectroscopically confirmed in Wang et al. (2016) .
Clustering analysis
We use clustering analysis to estimate the average DMH mass of the core candidates obtained in Section 3.1.2. Since we have only 75 candidates, we apply a cross-correlation technique.
The auto-correlation function of tracer galaxies
We first calculate the two-point angular auto-correlation function (ACF) of the tracer galaxy sample. We use an estimator of the ACF proposed by Landy & Szalay (1993) :
where DD(θ), DR(θ), and RR(θ) are the normalised number counts of galaxy-galaxy, galaxy-random, and random- massive galaxy sample pairs of massive galaxies Figure 2 . The redshift distribution of massive galaxies (orange) and pairs (blue). The histogram of massive galaxies is normalised so that the total number matches that of pairs. The average redshift of each sample is shown by dashed and dotted lines, respectively.
random pairs whose separations are θ, respectively. We use 2 × 10 5 random points uniformly distributed over the entire area where the data exist. We assume that the errors in the ACF come from the Poisson error in the DD(θ) term,
where DD 0 (θ) is the row number count of galaxy-galaxy pairs. We assume that the ACF can be described by a powerlaw:
where A ω = ω(1 ) is the amplitude of the ACF. We fix β to the fiducial value 0.8 (e.g. Peebles 1975; Ouchi et al. 2003 ). When we apply the estimator in Equation (1) to observational data of a finite survey area, the ACF is negatively biased due to the integral constraint (IC; Groth & Peebles 1977) :
where ω obs is the ACF derived from the observational data and ω true is the true ACF. Following Roche & Eales (1999) , we calculate this term using random points:
We derive IC = 0.0027A ω in the COSMOS field. We fit ω(θ) over 40 − 2000 with correction of the IC. We then calculate the spatial two-point correlation function ξ(r):
where r 0 is the correlation length and γ is slope of the powerlaw. The spatial correlation function ξ(r) is linked to the angular correlation function ω(θ) via the Limber transform (Peebles 1980; Efstathiou et al. 1991) :
A
where B is the beta function, N(z) is the redshift distribution of galaxies used to derive the ACF and D θ (z) is the angular diameter distance. F(z) describes the redshift evolution of ξ(r), which is modelled as Roche & Eales 1999) , wherez is the average redshift of the sample. Then we define the linear bias parameter of galaxies b g , which represents the relative strength of galaxy clustering compered to dark matter at a large scale (8 cMpc/h 100 ):
where ξ DM (r) is the spatial correlation function of dark matter. We assume Eisenstein & Hu (1999) model as the power spectrum of matter. To calculate ξ DM (r), we use a python toolkit for cosmological calculations called COLOS-SUS (Diemer 2018) . We assume that the bias parameter of galaxies approximates that of the underlying DMHs on large scales.
The cross-correlation function between cores and tracers
Cross-correlation technique is often applied when the sample size is small. We calculate the two-point angular crosscorrelation function (CCF) between the core candidates and the tracer galaxies using the following estimator:
where D s D t (θ), D s R(θ) and D t R(θ) are the normalised number counts of pair-tracer, pair-random, and tracer-random pairs whose separations are θ, respectively. Since the sample sizes of tracers and random points are much larger than that of pairs, we assume that the errors in the CCF come from the Poisson error in the D s D t (θ) term:
where D s D t 0 (θ) is the row number count of pair-tracers. We fit the CCF using Equation (3) and derive its amplitude. Then, we calculate the correlation length of the spatial CCF in almost the same way as for the ACF. Instead of Equation (8), we use the following equation (Croom & Shanks 1999) :
where N s and N t are the redshift distributions of pairs and tracer galaxies, respectively. For the term F(z), we use the average redshift of pairs. After that, we derive the bias parameter of the cross-correlation from Equation (10).
With the bias parameters of tracer galaxies (b t ) and the cross-correlation (b st ), we estimate that of core candidates by:
We use b s to calculate the average mass of the corehosting DMHs with the relation between the bias parameter b and the "peak height" in the linear density field, ν, presented in Tinker et al. (2010) . Here, the peak height ν is defined as:
where δ c = 1.686 is the critical density for spherical collapse, and σ(M) is the linear matter standard deviation on the Lagrangian scale of the halo. For this calculation, we use the python toolkit COLOSSUS. Fig. 3 shows the ACF and the CCF thus obtained. A signal is clearly detected for both correlation functions. From these correlation functions, we estimate the average DMH mass of the core candidates; we also estimate the average DMH masses of isolated (i.e. non-pair) massive galaxies in a similar manner ( Fig. 4 ). We confirm that the core candidates are hosted by very massive haloes with M DMH = 2.6 +0.9 −0.8 × 10 13 M , which is within our target mass range. We also find that this value is larger than the DMH masses of isolated massive (log(M * /M ) ≥ 11.0) and very massive (log(M * /M ) ≥ 11.3) galaxies by 1.3 dex and 0.4 dex, indicating that pairs of massive galaxies can trace more massive haloes than their isolated counterparts.
DMH mass of the core candidates
The fraction of true pairs and the intrinsic DMH mass
Since we use a photo-z galaxy catalogue, the detected pairs of massive galaxies may be contaminated by false pairs due to chance projection. Although we cannot tell which pairs are true systems without spectroscopic follow up observation, we can statistically estimate the fraction of "true pairs". Following the method introduced in Béthermin et al. (2014), we estimate this fraction as a function of the maximum angular separation using the ACF of the massive galaxy sample. In general, the ACF of galaxies is expressed by the sum of two components, the one-halo term and the two-halo term:
where ω 1h and ω 2h are the one-halo and two-halo terms, respectively. The one-halo term comes from galaxy pairs hosted by the same haloes and the two-halo term originates from pairs hosted by different haloes. Therefore, we can estimate the fraction of true pairs by evaluating the relative strength of the one-halo term. The fraction of true pairs whose separation is less than θ can be calculated as:
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[arcsec] We first calculate the ACF of the massive galaxy sample. Then, we derive the two-halo term assuming that this term can be described as:
where b is the bias parameter and ω DM (θ) is the angular ACF of dark matter. We fit ω 2h (θ) over 40 − 2000 with correction of the IC. Finally, we use Equation (17) to derive f true . Here we consider an additional correction of ω. The ACF signal becomes weaker when the redshift window becomes larger. While the redshift window is 0.24 in our pair finder algorithm, that in this analysis is 1.5 (1.5 < z < 3.0).
To correct for this effect, we multiply ω by 4.78, the typical ratio of ω ACF (∆z = 0.24) to ω ACF (1.5 < z < 3.0). Fig. 5 shows the ACF of the massive galaxy sample and f true . In our pair finder we adopt 30 as the maximum separation, resulting in f true = 54%.
Since isolated massive galaxies have a weaker clustering signal than real pairs, the contamination by false pairs reduces the clustering signal of pairs. We estimate the bias of real pairs, b true , and hence the intrinsic DMH mass of cores with the following relation (Béthermin et al. 2014 
where b pair is the bias parameter of the core candidates obtained in Section 3.2 and b c is the bias parameters of contaminants. We approximate b c by the bias of the massive galaxy sample. The intrinsic DMH mass is found to be 4.0 +1.8 −1.5 × 10 13 M , which is shown in Fig. 4 with label of "corrected".
Using the Millennium Simulation, Muldrew et al. (2015) have shown that the most massive progenitor haloes at z = 2 of present-day M DMH = 1 × 10 14 M clusters have a median A blue star indicates pairs of massive galaxies. For comparison, the DMH masses of isolated massive galaxies are also plotted. "Isolated (all)" and "isolated (most massive)" (orange) refer to non-pair galaxies whose stellar masses are larger than 10 11 M and 10 11.3 M , respectively. In addition, we show the DMH mass of "true pairs" assuming that the fraction of true pair is 54% (green) as calculated in Section 3.3.
mass of 1.4 × 10 13 M , with a 1σ scatter of 0.22 dex. The mean DMH mass of the cores exceeds this best-fitting median value even before contamination correction. Then we estimate the descendant DMH mass of the cores using the extended Press-Schechter model. We assume that all the cores are located at z = 1.85. The descendant masses are shown in Fig. 6 as blue and green shades for masses before and after correction of contamination, respectively. We find that the host haloes of the cores can grow into 1 × 10 14 M at z = 0, comparable to the mass of a Virgo or Fornax-like cluster (Chiang et al. 2013 ).
The number density of cores
To check whether our pair-finding method finds massive DMHs completely, we compare the number density of our core candidates to that derived from the halo mass function. Assuming that all of the most massive DMHs host a single pair of massive galaxies, we first calculate the minimum mass of DMHs which host a pair (M min ) as follows:
where dn(M) dM is the halo mass function and b(M) is the bias parameter as a function of halo mass. Here, we adopt Sheth & Tormen (1999) as the halo mass function. Then we calculate the number density of DMHs which are more massive than M min . We
In Table 1 , we summarise the number density of each population. Our core candidates have a lower number density than that estimated from the halo mass function by factor of 2.5 (3.5) with (without) true pair correction, resulting in ∼ 40% (30%) completeness. We further explore the completeness as a function of DMH mass in the next section using the IllustrisTNG simulation.
Comparison with the IllustrisTNG
In this paper, we assume that pairs of massive galaxies are typically hosted by more massive DMHs than isolated massive galaxies. In the previous section, we confirm this hypothesis in a statistical manner with observational data. However, as shown in Section 3.4, our method may not be able to find all massive DMHs. To evaluate the effectiveness of pairs as tracers of cores, we need to know the mass distribution of pair-host DMHs, the fraction of massive DMHs which host pairs, and the fraction of pair-host DMHs which can actually grow into M DMH ≥ 10 14 M at z = 0. Since observational data do not tell us individual halo masses, we employ a mock galaxy catalogue of the IllustrisTNG project for this purpose. The IllustrisTNG project is a series of cosmological magnetohydrodynamical simulations of galaxy formation and evolution including various baryon physics: star formation, stellar evolution, chemical enrichment, primordial and metal-line cooling of the gas, stellar feedback, and black hole formation, growth and feedback (Pillepich et al. 2018a; Weinberger et al. 2017) . The simulations consist of three runs with different box sizes and each run also has three different resolutions. We use results from TNG300 which has the largest volume ∼ (205 cMpc/h) 3 among the three runs. Thanks to the large volume, TNG300 is suitable for investigating properties of rare objects like galaxy clusters. Among the three TNG300 runs, we select the one with the highest mass resolution, TNG300-1, and use the halo (group) and galaxy (subhalo) catalogues as well as merger trees (i.e. the merger histories of individual haloes). A detailed description about the simulations is found in IllustisTNG presentation papers (Naiman et al. 2018; Springel et al. 2018; Pillepich et al. 2018b; Marinacci et al. 2018; Nelson et al. 2018) .
First, from the mock galaxy catalogue of z = 2 (snapshot 33), we extract the positions and stellar masses of galaxies. Then we select galaxies with log(M * /M ) ≥ 11 and apply the pair finder to them. Instead of the angular separation criterion in Section 3.1.1, we consider a condition that three dimensional separations are < 0.3 pMpc. We identify 103 pairs from 2092 massive mock galaxies. The number of independent pair-host haloes is 100 because some pairs are hosted by the same haloes.
In the top panel of Fig. 7 we show the relation between the stellar masses of central galaxies and their host DMH masses 3 . Small stars and dots mean DMHs which host pairs and isolated centrals, respectively. For pair-host DMHs, we plot the largest stellar mass among each pair. For a series of stellar mass bins with a width of 0.2 dex, we calculate median DMH masses. Large stars and circles show the median masses of pair and isolated central host DMHs, respectively. We find that at a fixed stellar mass, the median mass of DMHs which host a pair is larger by 0.15 to 0.3 dex. This suggests that pairs of massive galaxies are effective tracers of the most massive DMHs in the universe at z ∼ 2.
We also show the fraction of DMHs which host a pair as a function of halo mass in the bottom panel of Fig. 7 . Blue triangles show the pair-host fraction of DMHs which is more massive than a given mass and orange circles represent the differential fraction. DMH masses estimated from clustering analysis and M min obtained in Section 3.4 are also plotted as solid and dashed lines, respectively. At the mass of M min with (without) true pair correction, the cumulative pair-host fraction is ∼ 50% (30%), being consistent with the completeness calculated from the halo mass function. Furthermore, the pair-host fraction monotonically increases with halo mass. These results mean that pairs of massive galaxies can effectively trace DMHs which are massive enough to be regarded as proto-cluster cores.
Finally, we investigate the fraction of pair-host haloes at z = 2 can evolve into ≥ 10 14 M at z = 0. Tracing merger histories of pair-host haloes, we find that 100 independent pairhost haloes at z = 2 become 89 independent haloes at z = 0, indicating that mergers reduce ∼ 10% of pair-host haloes. Among those descendants, 63 haloes are more massive than 10 14 M , which are regarded as clusters. This means that the purity of pair-host haloes as tracers of proto-cluster cores is 63%. In the simulation box, there are 280 clusters. Therefore, the completeness of pairs as tracers of z = 0 clusters is 23%. We further investigate the completeness for z = 0 clusters in terms of their mass. Following Chiang et al. (2014) , we divide z = 0 clusters into three types according to their mass: Fornax-like (M DMH = 1 − 3 × 10 14 M ), Virgo-like (M DMH = 3 − 10 × 10 14 M ) and Coma-like (M DMH > 1 × 10 15 M ) clusters. At z = 0, the numbers of descendants of pair-host haloes (and all haloes in the simulation box) classified as Fornaxlike, Virgo-like and Coma-like clusters are 38 (235), 22 (42), 3 (3), respectively, resulting in 16%, 52% and 100% completeness for each type. This suggests that pairs of massive galaxies are not only good tracers of the progenitor haloes of the most massive clusters but also less massive ones.
In Figure 8 , we show the DMH masses of pair-host haloes and their descendants at z = 0. At fixed M DMH (z = 0), the masses of progenitors have a 1σ scatter of 0.2 − 0.4 dex, which is similar to the value found by Muldrew et al. (2015) . This relatively large scatter implies that there are various paths of halo mass growth. For each type of clusters, we check the fraction of DMHs which become more than ten times more massive from z = 2 to z = 0. For Fornaxlike, Virgo-like and Coma-like clusters, these fractions are roughly 15%, 60% and 100%, respectively, suggesting that the progenitors of more massive clusters tend to grow more rapidly after z = 2.
PROPERTIES OF MEMBER GALAXIES OF PROTO-CLUSTER CORES
We examine the stellar mass function (SMF) and the quiescent fraction for galaxies in the detected cores. Since the COSMOS2015 catalogue is a photo-z sample, we subtract field galaxies statistically as described below.
Field subtraction and the field stellar mass function
We extract all galaxies down to log(M * /M ) = 9.0 in cylindrical regions around the 75 cores with a radius of ∆r = 0.3 pMpc and a line of sight length ∆z = 0.5. We adopt this relatively large ∆z value not to miss low-mass galaxies near the mass limit that have much larger photo-z uncertainties than log(M * /M ) ≥ 11.0 galaxies. The galaxies in these cylindrical regions are contaminated by field galaxies. We perform field subtraction in the following manner. First, we calculate the SMFs of field galaxies by dividing the galaxy sample of log(M * /M ) ≥ 9.0 into 20 redshift bins of range 1.25 < z < 3.25 and width ∆z = 0.1. For each redshift bin, we also compute the total cosmic volume occupied by the cylindrical regions around the cores. Then, multiplying the field SMFs by these cosmic volumes, we estimate the total number of contamination galaxies falling within the 75 cylindrical regions as a function of stellar mass. Finally, we subtract this mass function of contaminants from the raw counts around the cores.
We also need a field SMF averaged over 1.5 < z < 3.0 that is compered with the SMF of member galaxies. Because the redshift distribution of the core sample is slightly different from that of the general galaxy sample, we calculate this field SMF as:
where z i is the i-th redshift bin, n(z i ) is the number of cores at z i , and Φ field, i is the field SMF at z i .
The stellar mass function
The SMFs of galaxies in the cores and that of the field galaxies are shown in the top panel of Fig. 9 . To calculate the former, we assume that DMHs hosting a pair are spheres with a radius of 0.3 pMpc. Completeness correction as a function of stellar mass is not considered. In Fig. 9 , grey, blue and red lines refer to the SMFs of total galaxies, star-forming galaxies and quiescent galaxies, respectively. For comparison, we calculate the SMFs around isolated massive galaxies with stellar masses of log(M * /M ) ≥ 11.3 and log(M * /M ) ≥ 11.0 in the same way as that for pairs. It is found that the SMFs of total and star-forming galaxies in the cores have a flatter shape below log(M * /M ) < 11, where the SMFs are not directly affected by selection bias. We also find that the normalisation of the SMF of the cores is roughly twice as large as those of the two classes of isolated massive galaxies, meaning that the pairs reside in denser environment.
To discuss the shapes of the SMFs and the star formation efficiency in the cores, we also plot the ratio between the SMF of member galaxies and that of field galaxies for each star formation class in the bottom panel of Fig. 9 . We normalise this ratio by total mass as:
where ρ crit is the critical density of the universe in our cosmology, V core is the average comoving volume and M core is the DMH mass of the cores, respectively. We find that this ratio increases with stellar mass. In other wards, the member galaxies of proto-cluster cores have a more top-heavy SMF than field galaxies. This result is qualitatively consistent with the simulation by Muldrew et al. (2018) . We note that the SMFs of field galaxies are not exactly the same among the three panels because the redshift distributions n(z i ) of corresponding massive galaxy populations are different. See the definition of Φ field in Equation (21).
We also find that the ratio of the SMFs is below unity, although marginal, at log(M * /M ) 10 and above unity at log(M * /M ) 10, meaning that in core regions, the formation of low-mass galaxies may be suppressed while that of massive galaxies is enhanced compared to the field. Destruction of low-mass galaxies by mergers and/or tidal disruption (Martel et al. 2012 ) are possible causes of the lower formation efficiency of low-mass galaxies. Another possibility is the suppression of star formation of low-mass galaxies. As described in Section 4.3, low-mass galaxies in the cores have a higher quiescent fraction than their field counterparts. This may support this possibility. For massive galaxies, the high density environment of proto-cluster cores may enhance the formation of massive galaxies by the early formation of large DMHs and/or more frequent mergers (Muldrew et al. 2018) .
Trends similar to those seen in the SMFs of the cores have been found in several previous studies which focus on both global and local environments. Differences in the SMFs between mature clusters and fields have been reported at z 1.5. van der Burg et al. (2013 Burg et al. ( , 2018 have shown that cluster galaxies have more top-heavy SMFs at 0.5 < z < 1 primarily because of a shallower low-mass end slope especially for quiescent galaxies. Nantais et al. (2016) have reported that in clusters at z ∼ 1.5, the SMF of quiescent galaxies with low stellar masses (log(M * /M ) 10.5) has a roughly 50% contribution to the total SMF, while only 20% in fields. They interpret this as environmental quenching of low-mass galaxies, although they do not find a clear difference in the shape of the SMF of total galaxies between clusters and fields.
At log(M * /M ) ∼ 10, the SMF of quiescent galaxies in the cores shows higher Φ core /Φ field values compered to more massive bins. This may imply that cores at z ∼ 2 are similar to mature clusters z 1.5 in terms of a higher fraction of low-mass quiescent galaxies than fields. We should note that the SMF of quiescent galaxies has negative values at the lowest-mass bins (log(M * /M ) 9.5) possibly due to low statistics. Kawinwanichakij et al. (2017) have studied the effect of local environment on galaxy formation at 0.5 < z < 2.0. They have shown that quiescent galaxies are likely to reside in denser environments than star-forming ones even at fixed stellar mass. The same trend has also been reported in Malavasi et al. (2016) . These results are qualitatively consistent with our results. At lower redshift (0.55 < z < 1.3), Tomczak et al. (2017) have found strong dependence of the shape of the SMFs on local environment. They show that galaxies in denser environments have more top-heavy SMFs than in fields for both star-forming and quiescent galaxies, which is similar to what we find. However, Papovich et al. (2018) have argued that there are no clear differences in the shape of the SMF for either star-forming or quiescent galaxies between high-and low-density environments at 1.5 < z < 2.0. This conflict is possibly caused by different definitions of "local environment". In any case, proto-cluster cores are the most promising places to detect environmental dependence in the early universe because they are the densest regions.
The quiescent fraction
We measure the quiescent fraction for galaxies in the cores.
Here, the quiescent fraction f q is defined as
where N total and N q are the numbers of total and quiescent galaxies, respectively. As in the previous section, we also compute f q for galaxies around the two classes of isolated massive galaxies for comparison. The results are shown in Fig. 10 . It is found that all three environments have a higher quiescent fraction than the field. In each panel, the quiescent fraction of member galaxies is higher than in the field at log(M * /M ) 10.6 while it is almost the same at log(M * /M ) 10.6. This probably reflects the fact that satellite galaxies around massive centrals are more likely to be quenched than isolated galaxies even at z ∼ 2 (Kawinwanichakij et al. 2016; Ji et al. 2018) . Interestingly, the f q in the cores is higher than those in the others. In Table 2 , we summarise the f q in the whole mass range below 10 11 M , where galaxy number counts are not directly affected by selection bias. The ratio of f q between member galaxies and field galaxies is 3.3 +0.8 −0.8 for the cores and 2.4
+0.4 (0.8) −0.4 (0.8) for the isolated massive galaxies with log(M * /M ) ≥ 11.0 (11.3). This suggests that proto-cluster cores are more evolved systems than DMHs hosting isolated massive galaxies.
We also calculate the environmental quenching efficiency (QE):
where f member q and f field q ( f member sf and f field sf ) are the quiescent (star-forming) fraction of galaxies in the environment in question and in the field. This quantity means what fraction of star-forming galaxies in the field would be additionally quenched if they were in the given environment. The QE for the cores 0.13 +0.04 −0.04 is higher than that for the isolated massive galaxies with log(M * /M ) ≥ 11.0 (11.3), 0.07 +0.02 (0.04) −0.02 (0.04) . In Fig. 11 , we plot the QE measurement of the cores (blue pentagon) together with those in the literature. As a general trend, The QE become lower with increasing redshift. We should note that the QE data in Fig. 11 are quite heterogeneous in terms of the definition of environment, the selection method of galaxies, and the stellar mass range used to calculate QEs. Therefore, one needs to be careful when comparing the individual QE values directly. Nantais et al. (2017) have investigated the QE in 14 spectroscopically confirmed clusters at 0.87 < z < 1.63 Table 2 . The quiescent fraction ( f q ) and the environmental quenching efficiency (QE) of member galaxies in cores and around two classes of massive isolated galaxies, and those of corresponding field galaxies. Notes: a Isolated massive galaxies (log(M * /M ) ≥ 11.3). b Isolated massive galaxies (log(M * /M ) ≥ 11.0). In the calculation, we exclude galaxies with log(M * /M ) ≥ 11 to avoid possible selection biases.
(Black dots). Their clusters are more massive than 10 14 M and they only use galaxies with log(M * /M ) ≥ 10.3. They have found that the QE changes dramatically after z ∼ 1.5, from QE ∼ 0.16 at z ∼ 1.6 to QE ∼ 0.62 at z ∼ 1.3. To compare the QE for the cores with those obtained by Nantais et al. (2017) , we calculate it again by using galaxies in the mass range of log(M * /M ) > 10.3 (orange diamond). We find that the QE of the cores is positive, meaning that some mechanisms of environmental quenching have already worked in z ∼ 2 cores. In addition, the QE of the cores is almost the same value as of mature clusters in Nantais et al. (2017) at z ∼ 1.6 although the DMH mass of the cores is one-order of magnitude smaller than those of the z ∼ 1.6 clusters. This result supports a scenario that cluster environments have not quenched galaxies significantly until z ∼ 1.5 when a whole proto-cluster region starts to collapse, although excess quenching is already seen in cores. We note that at z ∼ 1.6 the descendant mass of the cores does not reach 10 14 M , meaning that our cores may not be the progenitors the z ∼ 1.6 clusters.
SUMMARY AND CONCLUSIONS
We have searched for proto-cluster cores at z ∼ 2 in ∼ 1.5 deg 2 of the COSMOS field by using pairs of massive galaxies (log(M * /M ) ≥ 11) as tracers and examined properties of member galaxies in the cores. The main results are as follows.
(i) We find 75 pairs of massive galaxies whose separations are < 30 , among which 54% are estimated to be real.
(ii) A clustering analysis finds that the average mass of DMHs hosting the pairs is 2.6 +0.9 −0.8 × 10 13 M , and 4.0 +1.8 −1.5 × 10 13 M after contamination correction. Using the extended Press-Schechter model, we also calculate the descendant DMH mass and confirm that the pairs are typically progenitors of Virgo or Fornax-like clusters.
(iii) The IllustrisTNG simulation shows pairs of massive galaxies are good tracers of DMHs which are massive enough to be regraded as proto-cluster cores. At a fixed stellar mass, the median mass of DMHs which host pairs is larger by 0.15 to 0.3 dex than those of DMHs which do not. We also find that more than 50% of DMHs with 2.6 × 10 13 M host pairs, which is consistent with the completeness estimated from the halo mass function. Since the pair-host fraction 3) isolated galaxies (middle), and around massive (log(M * /M ) ≥ 11.0) isolated galaxies (right). Detection incompleteness has not been corrected. Grey, blue and red colours mean the SMFs of all galaxies, star-forming galaxies, and quiescent galaxies, respectively. Grey shaded regions show the mass range suffering from selection bias. Bottom panel: Same as top panels but divided by the field SMFs and normalised by total mass using Equation (22) is a monotonically increasing function of M DMH , the most massive DMHs can be traced by pairs at z = 2. We trace merger trees from z = 2 to z = 0 to identify descendants of pair-host haloes. We find that 100 independent DMHs which host pairs at z = 2 become 89 independent DMHs at z = 0. At z = 0, the numbers of descendants of pair-host haloes (and all haloes in the simulation box) classified as Fornax-like, Virgo-like and Coma-like clusters are 38 (235), 22 (42), 3 (3), respectively, resulting in 16%, 52% and 100% completeness for each type. This suggests that a pair of massive galaxies can trace progenitors of both the most massive clusters and less massive ones.
(iv) The member galaxies of the cores have a more topheavy SMF than the field except for quiescent galaxies. When normalised by total mass, the ratio of SMFs between cores and the field is below unity at log(M * /M ) 10 and above unity at log(M * /M ) 10. The low ratio at log(M * /M ) 10, if real, may indicate that low-mass galaxies in cores are more likely to be destructed by mergers and/or tidal disruption than field galaxies. Because the quiescent fraction of low-mass galaxies in the cores is much higher than field galaxies, suppression of the star formation of low-mass galaxies is another possible explanation. On the other hand, the star formation of high-mass galaxies may be enhanced by the early formation of massive DMHs and/or more frequent mergers.
(v) The quiescent fraction of the member galaxies in the cores is higher than that of the field at log(M * /M ) 10.6. The quiescent fraction averaged over the whole mass range 9 < log(M * /M ) < 11 is 0.17 +0.04 −0.04 , which is three time higher than that of the field. We also calculate the environmental quenching efficiency (QE) and find that the QE in the cores is comparable to that of mature clusters at z ∼ 1.6 in the literature. This supports a scenario that cluster environments have not quenched galaxies significantly until z ∼ 1.5 when a whole proto-cluster region starts to collapse, although excess quenching is already seen in cores.
We have statistically shown that proto-cluster cores at z ∼ 2 have similar properties to mature clusters at z 1.5 in terms of an excess of massive galaxies and a higher fraction of low-mass quiescent galaxies. These results suggest that stellar mass assembly and quenching are accelerated as early as at z ∼ 2 in proto-cluster cores. To investigate other properties further, spectroscopic confirmation of the individual cores is needed. Our core sample is good targets for spectroscopic surveys like the Subaru Prime Focus Spectrograph survey (Takada et al. 2014 ). If we derive precise Figure 10 . The quiescent fraction ( f q ) in the cores (left), around the most massive (log(M * /M ) ≥ 11.3) isolated galaxies (middle), and around massive (log(M * /M ) ≥ 11.0) isolated galaxies (right) plotted as blue symbols. The f q of field galaxies is also plotted in each panel (grey symbols). In the mass range of log(M * /M ) > 11, which is coloured in grey, f q is affected by selection bias. An arrow means f q < 0 due to field subtraction. (2010) . A black dashed line shows the QE calculated for clusters in an analytic galaxy formation model (Contini et al. 2020 ).
redshifts of member galaxies, we can calculate individual DMH masses from velocity dispersion. We can also reveal detailed star-forming activities with spectroscopic data, and thus the formation history of cluster galaxies. The method presented in this paper can be applied to other survey data with stellar mass and photo-z estimates. Therefore, combining wide field surveys like the Subaru Hyper Suprime-Cam survey (HSC-SSP), we can construct a much larger core sample over a wide redshift range.
